The effect of the diameter of randomly arranged silver nanowires on the optical haze of silver nanowire transparent conductive films was studied. Proposed simulation model behaved similarly with the experimental results, and was used to theoretically study the optical haze of silver nanowires with diameters in the broad range from 30 nm and above. Our results show that a thickening of silver nanowires from 30 to 100 nm results in the increase of the optical haze up to 8 times, while from 100 to 500 nm the optical haze increases only up to 1.38. Moreover, silver nanowires with diameter of 500 nm possess up to 5% lower optical haze and 5% higher transmittance than 100 nm thick silver nanowires for the same 10-100 Ohm/sq sheet resistance range. Further thickening of AgNWs can match the low haze of 30 nm thick AgNWs, but at higher transmittance. The results obtained from this work allow deeper analysis of the silver nanowire transparent conductive films from the perspective of the diameter of nanowires for various optoelectronic devices. © 2018 Author (s 
I. INTRODUCTION
Transparent conductive films (TCFs) -an important component of many optoelectronic devices -serve in liquid crystal displays, solar cells, touchscreens, light-emitting diodes and others. [1] [2] [3] [4] [5] [6] [7] [8] Indium tin oxide (ITO) dominates as TCF in the electronics industry. 9 However, the high fabrication cost and brittleness of ITO films complicates its application in new generation devices. [10] [11] [12] [13] [14] Silver nanowire (AgNW) TCFs demonstrate optical and electrical properties comparative to ITO films while offering reduced fabrication cost and good flexibility. [15] [16] [17] [18] [19] [20] [21] [22] [23] AgNWs with various diameters and surface coverage, enhanced by plasmon resonance and strong near-field coupling effects, allow easy tuning of the transmittance and sheet resistance in a broad range. [24] [25] [26] [27] [28] [29] [30] [31] However, an optical haze of the AgNW TCFs -being a crucial factor in optoelectronic devices -has remained elusive.
The primary goal of this study is to evaluate the behavior of the optical haze of AgNW TCFs on broad scale of NWs diameters: from 30 nm and above. Further goal is to interrelate the haze with the transmittance and sheet resistance depending on AgNW diameter. Our results explain the influence of NW diameter on the optical haze and help to estimate their performance for displays, solar cells, light-emitting diodes, touch screens, smart windows, sensors and other optoelectronic devices.
a Authors to whom correspondence should be addressed. II. METHODOLOGY Figure 1 shows the geometrical models of AgNW TCFs with different diameter of AgNWs. Cylindrically shaped AgNWs were randomly spread across a polyethylene terephthalate (PET) substrate according to the following steps: (i) initially, AgNWs were orderly arranged; (ii) then, each AgNW was arbitrarily shifted along X and Y axes for distances ranging from -L to L, where L is the length of AgNWs; (iii) and finally, each AgNW was arbitrarily rotated within X and Y axes for the angle ranging from -90 to 90 degrees.
A commercial-grade simulator based on the finite-difference time-domain (FDTD) method was used to perform the optical calculations. 32 The index of refraction and extinction coefficient was obtained from Refs. 33 and 34. The incident light in wavelength range from 400 to 900 nm was illuminated along Z axis. The periodic boundary conditions and perfectly matched films were applied perpendicular and parallel to Z axis, respectively. Mesh size was set to 10, 10 and 5 nm in X, Y, and Z directions, respectively. Each arrangement of AgNWs was simulated three times for arbitrarily chosen position of 30×30 µm 2 simulation area (yellow areas in Fig. 1 ) to justify the reproducibility of optical properties.
Sheet resistance was calculated by percolation model according to Refs. 35 and 36 which is given by the following equation:
where σ 0 is the conductivity of metal, φ f is the volume fraction of patterned metal film, φ crit is the volume fraction threshold when the patterned film changes from insulating to conducting, h is the thickness of the patterned metal film and t is the critical exponent. The subtraction of φ crit from φ f for randomly arranged AgNW TCF was expressed as follows: 26,37
where N * i is the effective number of AgNW crossings which contributes to the conductivity of AgNW TCF, N crit is the critical number of AgNW crossings when the AgNW film changes from insulating to conducting, V c is the AgNW crossings volume and V uc is the unit cell volume.
The above-mentioned models were proved to be in good agreement with experimental data and successfully applied by our group in previous works. 26, 37, 38 Optical haze was evaluated according as follows:
where the forward scattered light is the light scattered from AgNWs into the substrate and the total transmitted light is the light transmitted into the substrate through AgNW film. The forward scattered light was calculated using a total-field scattered-field source, which allows to separate the computation region to collect only the scattered field. 32
III. RESULTS AND DISCUSSION
For consistency, we compared our simulation model with experimental results for 150 and 60 nm AgNWs from Ref. 39 as shown on Figs. 2(a) and 2(b) . Our simulations well satisfy the experimental results (Figure 2(c) and 2(d) ): 150 nm thick AgNWs with the average transmittance of ∼72.5% possess two times higher optical haze than 60 nm thick AgNWs with the average transmittance of ∼77.5%. To evaluate the behavior of the optical haze of AgNW TCFs we set broader scale of NWs diameters -from 30 nm 500 nm. Figure 3(a) shows the average optical haze of AgNW films against the diameter d and surface coverage (SC) of AgNWs. AgNWs with SC below 6% allow to obtain the AgNW TCFs with optical haze less than 5% for the whole diameter range from 30 to 500 nm; while AgNWs with SC above 35% only allow to obtain AgNW TCFs with optical haze of 20% and above. The optical haze of AgNWs growths significantly as d increases from 30 to 100 nm -up to 8 times, while for d from 100 to 500 nm the optical haze increases only up to 1.38. This effect results from the surface plasmon penetration depth expressed by the following equation from Ref. 40 .
where k is the wavenumber, ε m and ε d are the permittivity of a metal and dielectric, respectively. According to Eq. (4) the surface plasmon penetration depth L p reaches up to 100 nm in the visible wavelength range. Indeed, the electric fields at top and bottom surface demonstrate similar values for 30 nm thick AgNWs; while for AgNWs with d = 100 nm the top surface possesses up to 1.5 higher electric field than the bottom surface as shown in Fig. 3(b) . Hence the surface plasmon penetration depth L p significantly attributes to the optical haze of AgNWs with diameters below L p . The multipolar plasmons occur for metallic nanostructures of the size above 100 nm, which contribute more to the scattering than to absorption. 41, 42 Figure 3(c) plots the reflectance and absorbance of AgNWs films against the diameter of NWs with SC = 50%. The absorbance of AgNWs decreases from 12.6% down to 6.8% when the diameter of NWs increases from 100 to 500 nm; while the reflectance increases from 16.2% to 24% for the same range of diameters. The variation of SC and d of AgNWs allows tuning the optical haze of AgNW TCFs for many optoelectronic applications.
Further step of current study was to interrelate the haze with the transmittance and sheet resistance depending on AgNW diameter. 1%, respectively, when the sheet resistance increases from 10 to 100 Ohm/sq. 60 and 100 nm thick AgNWs reach higher transmittance and haze for the same sheet resistance range: the transmittance grows from 84% up to 92.3% and from 85% up to 93%, while the optical haze drops from 9% down to 2% and from 16% down to 7%, respectively. G. Khanarian et al. observed similar behavior of both transmittance and optical haze in the experimental study. 43 Surprisingly, 300 and 500 nm thick AgNWs demonstrate a distinct trend. The transmittance and haze of 300 nm thick AgNWs change from 88% up to 94% and from 13% down to 5%, respectively, as the sheet resistance grows from 10 to 100 Ohm/sq. In the same range of sheet resistances, the transmittance and haze of 500 nm thick AgNW change from 90% up to 95% and from 11% down to 4%, respectively. This results from the fact that the sheet resistance drops faster that the optical haze increases after d = 100 nm. For instance, as shown in the inset of Fig. 4 (right) , the sheet resistance drops down from 59 to 17 Ohm/sq (∼3.5 times) for AgNWs with SC = 50% and d from 30 to 100 nm; while for d from 100 to 500 nm the sheet resistance decreases from 17 to 4 Ohm/sq (∼4.3 times). Thus, 300 and 500 nm thick AgNWs possess lower values of the optical haze than 100 nm thick AgNWs at the same sheet resistance.
If we sum the above mentioned results at 10 and 100 Ohm/sq (actual sheet resistances for many optoelectronic applications), the haze interrelates with the transmittance and sheet resistance as shown in Fig. 5 : rapid growth of the haze from 30 to 100 nm thick AgNWs and steady decrease from 100 nm and above. According to this behavior, AgNWs with diameters larger than 500 nm can match the low haze of 30 nm thick AgNWs, but at higher transmittance. 
IV. CONCLUSION
We studied the optical haze of AgNWs transparent conductive films with a wide range of AgNW diameters: from 30 and above. We showed that the haze growths rapidly from 30 to 100 nm thick AgNWs, then steadily decreases from 100 nm and above at the given sheet resistance. Further thickening of AgNWs can match the low haze of 30 nm thick AgNWs, but at higher transmittance. Therefore, varying the diameter and surface coverage of AgNWs allows tuning their optical haze, transmittance, and sheet resistance for many optoelectronic applications such as displays, solar cells, light-emitting diodes, touch screens, smart windows and sensors.
